Geochemical studies of Egyptian soil-clay minerals from three different depths and their utilization as cationic dye adsorbents are presented. X-Ray diffraction patterns revealed that the dominant clay minerals in the studied samples were montmorillonite, kaolinite and illite. The ability of montmorillonitic soil samples to adsorb cationic dyes, namely Basic Blue 9 and Basic Red 18, was investigated at 30ºC. The equilibrium adsorption data were well fitted to the Langmuir model and their parameters determined. The results showed that the adsorption capacity was dependent on the structure of the dyes and the geochemical features of the soil samples.
INTRODUCTION
Dyestuff and textile industries have become increasingly subject to international, federal and state regulations since 1970, designed to improve health, safety and the environment. In this regard the removal of colour from textile effluents has received great attention, not only because of its toxicity but also mainly due to its visibility (ICI Watercare 1991) . Recent estimates indicate that ca. 12% of the synthetic dyes used each year are lost during manufacture and processing operations and that 20% of these lost dyes enter the environment (Weber and Stickney 1993) . Attempts have been made to remove dyes (Sewekow 1995) by chemical flocculation, biological degradation, chemical oxidation and adsorption. Of these methods, adsorption techniques appear to be a good alternative for the treatment of dye effluents. Adsorption by activated carbon is a well-established method of aqueous effluent treatment although at a relatively higher cost (Sankar et al. 1999 ). Other abundant low-cost and effective adsorbent materials have been examined for this reason and, in this context, the predominantly high clay content of montmorillonite has been shown to be capable of cationic dye adsorption (Rytwo et al. 2000; Shmuel et al. 1991) mainly as a result of its cation-exchange capacity.
Montmorillonites are very important minerals in chemistry, the environment, agriculture and industry. They play a relevant role in soil pollution because of their important adsorption capacity and low permeability. Montmorillonite is a mineral of the 2:1 type with its unit layer structure consisting of one Al 3+ octahedral sheet placed between two Si 4+ tetrahedral sheets (Lizhong et al. 2000) . Isomorphous substitution of Al 3+ for Si 4+ in the tetrahedral layer and Mg 2+ or Zn 2+ for Al 3+ in the octahedral layer results in a net negative charge on the soil surface. This charge imbalance is offset by exchangeable cations (typically Na + or Ca 2+ ) which are strongly hydrated in the presence of water to give hydrophilic montmorillonitic soil. Such soils are characterized by a long conservation period for liquid and very slow infiltration. Ghazy et al. (1988) calculated the infiltration rates in this soil as ranging between 0.72 cm/d and 1.2 cm/d.
The aim of the work presented was to investigate the physicochemical characteristics of Egyptian montmorillonitic soil and its adsorption capability towards cationic dyes using the Langmuir isotherm to determine the adsorption parameters.
EXPERIMENTAL

Materials
Soils
The soil samples studied were collected from three depths (50, 100 and 150 cm) from an area situated in Qalyub (latitude 30º 55¢ and longitude 31º 15¢), north Cairo, Egypt. Hereinafter, the 50, 100 and 150 cm depths will be called depth 1, depth 2 and depth 3, respectively.
These samples were air-dried and organic matter removed using H 2 O 2 . Their cation-exchange capacity was determined according to the procedure of Hendershot and Duquette (1986), whilst their physical composition was analyzed by the international pipette method (Piper 1950) using hexametaphosphate as a dispersing agent without any pretreatment and sieving according to texture.
Dyes
The cationic dyes (see Figure 2 and Table 1 ) used in the adsorption experiments, viz. Maxilon Red 4GL (Basic Red 18, CI 11085) and Methylene Blue BB (Basic Blue 9, CI 51015), were kindly supplied by CIBA and Hoechst (Germany), respectively.
METHODS
X-Ray diffraction (XRD) analysis
For all three soil depths investigated, three different amounts of clay fraction (< 2 mm) were prepared and treated as follows: an oriented (untreated) sample which was pipetted on to a glass slide and allowed to dry slowly at room temperature; a heated sample (treated for 2 h at 550ºC); and a glycolated sample. The clay fraction samples were subjected to XRD analysis to allow identification of their mineralogical composition using a Philips 2KW diffractometer employing Ni-filtered Cu Ka radiation. The XRD pattern obtained (Figure 1 ) allowed the mineralogical content to be estimated via measurement of the intensity of the diffracted beam. 
Adsorption isotherms
These were obtained by the batch method using 100 mg of a given soil sample (particle size, ca. 400 mm) and 25 ml of a dye solution at various concentrations (320-600 mg/l). The suspensions obtained were equilibrated with agitation for 120 min in a water bath maintained at 30ºC. The resulting equilibrated dye suspensions were centrifuged for 5 min at 4000 rpm and the supernatant solutions analyzed spectrophotometrically to establish the residual dye concentrations using a Shimadzu UV-vis spectrophotometer and employing the maximum wavelength of each dye. The equilibrium concentrations of the dye solutions were determined by reference to the respective calibration curve for each dye. The quantity of dye adsorbed was determined from the expression:
where Q is the quantity of adsorbed dye (mg/g), C 0 and C f are the initial and final concentrations of dye in solution (mg/l), respectively, V is the solution volume (ml) and W is the weight of dry soil employed (g).
RESULTS AND DISCUSSION
Mineralogical and physicochemical characteristics
The composition of all montmorillonite group minerals may be expressed by the formula X 0.33 Y 2-3 Z 4 O 10 (OH) 2 nH 2 O in which X (the exchangeable ion) may be Ca/2, Li or Na; Y may be Al, Cr, Fe, Li, Mg, Ni or Zn; and Z may be Al or Si. The incorporation of some of these ions leads to a net negative charge on the layers but this is generally compensated by cations such as Ca 2+ , Na + and H 3 O + adsorbed between the layers. This latter fact explains the swelling of montmorillonite when it is immersed in water, and also its cation-exchange properties whereby cations in solution can be exchanged for cations adsorbed in the mineral. Some of the main physicochemical characteristics of the soil-clay samples studied are presented in Table 2 . It will be noted that the pH values of their aqueous solutions lay in the slightly alkaline range from 7.6 to 7.8, their clay fractions ranged from between 56% to 60% while their silt fractions ranged between 26% and 30%. The cation-exchange capacities of the montmorillonitic soils ranged between 64.8 mequiv/100 g and 80 mequiv/100 g. Table 3 lists the chemical composition of the soil samples, the data recorded demonstrating that silica and alumina were the most abundant components in all the samples studied. According to Millot (1970) , not only does the formation of montmorillonite require the presence of an alkali This high amount of iron content could be due to dissolution of mafic minerals after breakdown of the primary minerals with the rapid precipitation of oxidized iron. The clay minerals identified in the studied samples were montmorillonite, kaolinite and illite in descending order of abundance (Table 4 ). The high concentrations of montmorillonite associated with the soil-clay minerals obtained from the studied area are believed to be due to the transport down the Nile of montmorillonite formed on basic volcanic rocks at its headwaters.
Adsorption of cationic dyes
Three soil samples from different depths were used as adsorbents for cationic dyes (Figure 2 , Table 1 ) from aqueous solution. Interactions between the cationic dyes and the adsorbents may be associated mainly with a cation-exchange process as well as van der Waal forces and hydrogen bonding. 
Effect of contact time
The effect of contact time on the adsorption of the two different cationic dyes on the three samples of soil obtained from different depths is shown in Figure 3 . Dye adsorption increased steeply over a very short period of time with equilibrium being rapidly attained. 
Equilibrium adsorption
The equilibrium adsorption isotherm is of fundamental importance in the design of adsorption systems. A knowledge of the adsorption capacity of an adsorbent material such as montmorillonitic soil allows the design engineer to develop treatment systems for various adsorbate/adsorbent systems. The most frequently employed adsorption processes involve the measurement of the relationship between the concentration of the sorbate in the solid phase (Q e , mg/g) and its concentration at equilibrium in the aqueous phase (C e , mg/l). The Langmuir adsorption isotherm is the best known model and the one most frequently used to determine the adsorption parameters (Longhinotti et al. 1998; Allen et al. 1989 ) and may be written as:
C e /Q e = l/K L + (a L /K L )C e
where a L is the Langmuir isotherm constant (l/mg), K L is the Langmuir equilibrium constant (l/g) and K L /a L is the maximum adsorption capacity (q max , mg/g). The basic assumption of the Langmuir theory is that sorption takes place at specific sites within the adsorbent. Once a dye molecule occupies a site, no further sorption can take place at that site and hence a saturated monolayer is attained. Figures 4-6 depict plots of the amounts of cationic dye adsorbed per 100 mg soil at 30ºC versus the equilibrium concentration. The isotherms show the typical behaviour associated with the Langmuir theory. It will be seen from Figure 4 that the quantity of Basic Blue 9 adsorbed attained near saturation level as the equilibrium concentration increased. However, with Basic Red 18 ( Figure 5 ), although a similar trend was also observed for soil samples obtained from depths 1 and 2, an S-shape isotherm was observed for the adsorbent from depth 3. The type-S isotherm observed in this case may originate from weak solute-solid interactions. This weakness in the adsorbent-adsorbate forces (Karadag et al. 1997) will cause the uptake at low concentrations to be small, but once a molecule has been adsorbed, such weak forces will promote the adsorption of further molecules via a cooperative process so that the isotherm becomes convex to the concentration axis.
From equation (2), Langmuir adsorption parameters may be obtained from plots of C e on the x-axis versus the ratio C e /Q e on the y-axis. Figures 7-9 illustrate that the data obtained for the cationic dyes studied satisfied the Langmuir equation and gave linear plots for each adsorbent. The adsorption parameters obtained from these plots are listed in Table 5 . The data given in Table 2 indicate that the amounts of the exchangeable cations (Na + , K + ) in all the soil samples obtained from depths 1-3 were less than half those of the corresponding Ca 2+ ions. This means that the soil samples were calcic montmorillonite in which the Na + and K + cations were first exchanged followed by some of the Ca 2+ cations. This view is supported by the adsorption data obtained for Basic Red 18 (see Table 5 ) where the maximum adsorption capacity increased in the order depth 1 > depth 2 >depth 3, in accordance with the increasing value of the molar sum of the Na + and K + ions in the adsorbents, i.e., 30.86, 29.9 and 29.62 mmol for depths 1, 2 and 3, respectively. However, for Basic Blue 9, the adsorption capacity was more or less the same irrespective of the sample employed. This behaviour may be attributed to the delocalization of the cation on the dye as shown in Figure 2 , which is different from the charge localization which occurs with Basic Red 18. Such charge delocalization would lead to the presence of the charge at any moiety of the molecule at any time, thereby enhancing its ion-exchange capacity towards a given soil sample.
CONCLUSIONS
Mineralogical data show that the dominant clay minerals in the studied samples were smectiterich, being largely montmorillonitic soils with a high cation-exchange capacity. Montmorillonitic soils are capable of the efficient adsorption of cationic dyes over a very short time period. The adsorption capacity observed was a function of the mineral contents of the adsorbent and the structure of the dye employed. In the present work, the adsorption capacity could be obtained quantitatively from an application of the Langmuir equation. Because of the abundant nature of montmorillontic soil in Egypt, it could be used for the removal of cationic dyes from textile effluent. 
